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Abstract 
Transparent WO3 films were successively prepared by sol–gel casting method. Their optical and structural properties 
were studied at various molecular weight of polyethylene glycol (PEG) containing in the film as a dispersing agent. 
The color contrast (ΔC) during film exposed to UV light represents the optical property. The WO3 film contained 
PEG (MW 2,000) exhibited the optimal photochromic performance which ΔC between colored and bleached state 
was 70. This optical property of WO3 films is promising higher color contrast and it is an important candidate for 
smart window application. Moreover, the structural properties of WO3 films were analyzed with x-ray diffraction 
(XRD), thermogravimetric analysis (TGA) and scanning electron microscope (SEM). 
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1. Introduction 
The global forecasting demand of glass has been rising to 9.2 billion square meters in 2015[1]; 
particularly the use of glass in architecture due to its advantages i.e., allowing the light enter to the 
building, seeing the outside scenery. However, glass is not able to control the excessive light and heat 
through the building. This causes the energy consumption increasing which leads to global warming. 
To address the problem, smart glass is the promising technology that can adjust its transmittance with 
external stimulation i.e., light for photochromic smart glass, heat for thermochromic smart glass and 
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electricity for electrochromic smart glass. This leads to the reduction in light and heat transmission from 
outdoor. The main component of smart glass is chromic material such as vanadium dioxide (VO2)[2], 
titanium dioxide (TiO2)[3], tungsten trioxide (WO3)[4]. Among the chromic material, WO3 is one of the 
most intensively investigated because of high coloration, high stability. 
The distribution of WO3 particles is one of factors that effect on the coloration since mechanism of the 
coloration depends on the accessibility of cation to intercalate the negative charge of WO3 after accepting 
electrons. These cations are generally generated by dissociation of water on surface of WO3 particles 
which dissociating reaction at WO3 particles can take place well according to a good dispersion of WO3 
particles. Recently, Laura Meda et al.[5] synthesized WO3 nanoparticles by variation of dispersing agent 
and molecular weight of the organic dispersing agent. It showed that PEG is the promising dispersing 
agent. A.A.R. de Oliveira et al. mentioned that a well-defined morphology and narrow size distribution 
can be obtained by adjusting the PEG chain length[6]. Thus, this work focused on coloration of WO3 
nano-particle film synthesized by sol-gel method with the variation of molecular weight of PEG. 
2. Experiments 
2.1. Film preparation  
The synthesized route of WO3 nanoparticles was inspired by N. Naseri et al.[7]. Dissolve 1 g of 
Na2WO4.2H2O into 10 ml of deionized water. Then, HNO3 was added drop wise to the solution to obtain 
a greenish yellow precipitation. Then, the obtained particle was rinsed with deionized water for several 
times before dissolving the particles with 2 ml H2O2 and stirred to obtain a transparent solution. Age the 
resulting solution with 30 ml of ethanol for 3 days. Add 0.25 g of PEG with the various molecular 
weights (MW 1,000 2,000 10,000 20,000). The resulting precursor was coated on an indium tin oxide 
coated glass plate (3x3 cm2.) by casting technique. The film was dried at room temperature in inert gas 
condition under humidity control (20%RH).  
2.2. Film measurement 
Optical property of WO3 film was investigated after UV irradiation with the intensity of 5 mW/cm2. 
Color contrast('C) was monitored by UV-vis spectrophotometer for color in terms of CIE lab scale in the 
transmittance mode. The color contrast can be calculated from equation (1) [8];  
 
2*2*2* )()()( baLC ''' '                         (1) 
 
where C'  is color contrast of the corresponding film during UV irradiation. L refers to the 
transparency index while  a  and  b  refer to the chroma indexes.  
 X-ray diffraction (XRD) patterns of WO3 coated on ITO glasses were investigated over a 2Ɵ 
range of 10–80º on a Bruker Euler Cradle for D8 Advance X-ray diffractometer with Cu Kα radiation (λ 
= 0.15406 nm) operated at 40 kV and 40 mA. The weight composition and thermal stability of WO3 
particle and PEG containing in the film were determined using thermal gravimetric analysis (TGA). The 
TGA experiment was carried out with a Mettler Toledo (TGA 850). About 15 mg of the sample was used 
and the TGA experiment was scanned over temperatures ranging between 30 and 600 qC under a nitrogen 
gas atmosphere with a heating rate of 10 qC/min. 
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3. Results and Discussion 
3.1. X-ray diffraction  
The original ITO glass possesses crystallize structure of indium-tin oxide sharply diffracting at (222), 
(400) and (020) and these diffraction peaks apparently diminished while coating WO3-based films on ITO 
glass. The center of broad peak at 24o presenting in the ITO coating with WO3-PEG(MW20,000) film 
was ascribed to amorphous WO3 which could gradually develop to strongest peak of monoclinic WO3[9].  
 
 
 
 
 
 
 
 
 
 
Fig. 1. XRD patterns of WO3 films coated on ITO glass; (A) Bare ITO and (B) WO3 with PEG (MW 20,000) 
3.2. Morphology and SEM-EDX Element Maps 
Morphology of WO3 nano-particles in the film at various molecular weight of PEG were illustrated by 
SEM. Morphology and distribution pattern of pure WO3 film (Figure 2A) was clearly different in 
comparison with WO3 containing PEG (Figure 2B). The rough surface is belonging to pure WO3 film, 
suggesting the agglomeration of large WO3 particles, while PEG binder can facilitate a good dispersion of 
tungsten precursor possibly resulting in very fine WO3 particles and the smooth surface. The PEG is a 
hydrophilic straight chain polymer which is easily dissolved in a liquid solution of sol WO3 precursor. 
The sol WO3 solution can transform to solid phase when ethanol solvent gradually evaporate.  
The physical properties of PEG are dependent on its molecular weight.  The higher molecular weight 
up to 1000 of PEG possesses high viscosity and becomes solid at room temperature.  The agglomeration 
of large WO3 particles represented high density of atomic tungsten (Figure 2C), while lower density of 
atomic tungsten was obtained with additional PEG (Figure 2D). The low density of atomic tungsten can 
encourage good ability of hydronium ions arising from water splitting on WO3 surface stimulating the 
rapid change of film color as shown in the equation below[10]; 
 
WO3+xM++xe- l MxWO3                                            (2) 
(Transparent)   (Deep blue)          
3.3. Evaluation of WO3 content 
The WO3 films consisting of the equimolar amount of PEG with various molecular weights were 
prepared. In order to clarify the effect of PEG molecular weight on the coloration of WO3, thermal 
gravitation analysis (TGA) was used to quantify the amount of WO3 in the film. After heating up the film 
to 600qC in N2 condition, the remaining weight was defined as the amount of WO3 in the film. The 
decomposition of sol WO3 was composed of two steps, i.e. i) evaporation of ethanol at 80qC and            
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ii) decomposition of PEG at 150-300qC approximately at 96% and 3%, respectively. The remaining 
weights after decomposition for all samples were at 1%, emphasizing that the WO3 content in all films are 
even as shown in Figure 3. 
 
 
Fig. 2. SEM images of WO3 film coated on ITO glass; (A) without PEG; (B) with PEG (MW 20,000) and SEM-EDX element maps 
of WO3 film coated on ITO glass; (C) without PEG and (D) with PEG (MW 20,000). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Thermogravimetric analysis of sol WO3 precursor at various molecular weights of PEG. 
3.4. Coloration 
The time-dependent coloration of WO3 film was studied as shown in Figure 5. The color contrast('C) 
increased with increasing UV irradiation time in the initial period and the contrasts approached to 
constant level in 1 hour, suggesting that equilibrium reached. The appearance of film changed from 
transparent to dark blue under UV irradiation. The ability of coloration is determined in term of initial 
rate of coloration. The initial rate of coloration was calculated after 1-min irradiation and the maximum 
coloration was determined after 1-hr irradiation.  
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Fig. 4. WO3 weight content in the sol WO3 precursor; (A) without PEG; (B) with PEG (MW 1,000) ; (C) with PEG (MW 2,000); 
(D) with PEG (MW 10,000) and (E) with PEG (MW 20,000). 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Time-dependent coloration of WO3 film containing PEG molecular weight of 2,000. 
The initial rate of color contrast and the maximum coloration were reported in Figure 6. The WO3 film 
containing PEG (MW 1,000) exhibited the maximum coloration and initial rate of coloration at highest 
values, i.e. 70.58 and 35.95 min-1, respectively. This is 3-times compared to that of WO3 film without PEG.  
The PEG may assist WO3 particles to be well dispersed in the film , leading to the ease of electrons and 
intercalated cations transferring to WO3 particles so as to enhancement of coloration. However, the larger 
molecular weight of PEG suppressed the coloration ability owning to agglomeration of WO3 particles in 
good accordance with the results of A.A.R. de Oliveira et al.[6]. The initial rate of coloration exhibited 
similar trend to the maximum coloration. 
The sol WO3 containing PEG (MW 1,000) revealed the highest initial rate and maximum coloration; 
however resulting WO3 film was plausibly non-homogeneous and not highly adhesive as high value of 
standard deviation can be seen in Figure 5 so as to it was inappropriate for the application on glass. The 
WO3 film (MW 2,000) becomes more suitable to be chromic materials for smart window since it obtained 
the 2.7-times initial coloration rate and the 2.7-maximum coloration higher than those of conventional 
WO3 film.    
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Fig. 6. Initial coloration rate and maximum color contrast of various WO3 films; (A) without PEG; (B) with PEG (MW 1,000); (C) 
with PEG (MW 2,000); (D) with PEG (MW 10,000) and (E) with PEG (MW 20,000). 
4. Conclusions 
Amorphous WO3 was synthesized at room temperature. WO3 particles were dispersed by PEG 
addition. The PEG molecular weight of 2,000 in WO3 film exhibited the highest maximum coloration and 
initial coloration rate, 61.3 and 30.9 min-1, respectively which are 2.7-times and 2.6-times higher than 
those of WO3 film without PEG addition. Coloration ability of synthesized WO3 film is a good candidate 
for smart window technology. 
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